Abstract A cantilever column is loaded by compression and bending, and the horizontal displacement of the column top as well as the outside diameter of the cylindrical shell are limited. The strengthening of the column is performed in the lower part of the column only. Three structural versions of the column are optimized and compared to each other. Firstly, the unstiffened circular shell is optimized, and it is found that the required large thickness is unsuitable for fabrication. Secondly, the stringerstiffened circular shell is optimized. The halved rolled UC section stringers are used only in the lower part of the column; the distance of the interruption of stiffeners is also optimized. It is found that the required shell thickness is unsuitable for fabrication. Thirdly, a new structural version, the cellular shell is used. Cellular shells are constructed from two circular cylindrical shells, and a grid of stiffeners welded between them. They have similar advantages than the cellular plates, namely they can produce a large stiffness with small structural height. Their smooth surface is suitable for corrosion protection, and they are more aesthetic than the stringer-stiffened shells.
Introduction
Our previous studies have shown that welded cellular plates have some advantages over plates stiffened on one side. Cellular plates can produce large bending and torsional stiffness with a relatively small structural height. Their smooth surface enables a good corrosion protection and advantageous aesthetics.
Welded steel cellular plates can be used for double bottom ships [1] [2] [3] [4] .
We have published studies on square cellular plates [5] [6] [7] with halved rolled I section or welded T stiffeners [8] [9] [10] with simply supported edges or supported at four corners [11] . We have used cellular plates for box column and box beams [12, 13] .
Similar to cellular plates, the cellular shells are constructed from two circular cylindrical shells, and a grid of stiffeners welded between them (Fig. 4) . It is advantageous to use halved circular hollow section (CHS) stiffeners, since the parts of the outer circular shell can easily be welded to them.
The aim of the present study is to show the advantages of cellular shells over the stringer stiffened ones. Their large stiffness and small structural height can be useful for a compressed and bent cantilever column in the case of a strict constraint on the horizontal displacement of the top together with a constraint on maximum diameter.
The study compares three structural versions for the welded circular cylindrical shell as follows: (a) unstiffened, (b) stiffened with halved rolled I section stiffeners and (c) stiffened by cellular shell.
The parts of the outer circular shell are welded to the stringers from outer side with longitudinal fillet welds. Halved CHS stringers enable the easy welding of the outer fillet welds.
The unknown variables to be optimized are as follows: thicknesses of the inner and outer shell, dimensions and number of the halved CHS stiffeners as well as the distance of the interruption of stiffeners.
The study shows a realistic case when the cellular shell can be used with smaller shell thicknesses and lower cost than the shell stiffened with outer side stringers.
The displacement constraint is so strict that the stress, shell buckling and beam-column buckling constraints are passive.
The basis of the comparison is the cost, which contents the cost of material, welding and painting.
The base of the column is built-up, but the structural solution of the foundation and its cost is not treated.
Given data: column height L = 15 m, factored compression force N F = 2 × 10 7 [N], horizontal force H F = 0.1N F , yield stress of steel f y = 355 MPa, elastic modulus E = 2.1 × 10 5 MPa. In the calculation of displacement, the horizontal force is divided by the safety factor γ M = 1.5.
Constraints: limitation of the horizontal displacement of the column top: w max = L/φ, φ = 1000 and limitation of the shell diameter: D = 2R = 3000 mm.
The unstiffened shell (without stiffeners)
The horizontal displacement constraint is formulated as
where
I 1 and I 2 are the moments of inertia of the upper and lower column part, respectively, and γ M is the safety factor (Fig. 1) . Table 1 shows some results of the systematic search. It can be seen that all the solutions need very thick shell parts, not suitable for fabrication. It should be noted that the constraint on beam-column buckling is passive in this case. This constraint is treated in details in Section 4.4.
3 The shell stiffened with halved rolled I section stiffeners from outside This problem has been treated in [14] (Fig 1) . 
Geometric characteristics
The web height
The cross sectional area
The distance of the centre of gravity for the halved UC section is
The moment of inertia of the halved UC section is expressed by
The radius of the shell is
Moment of inertia about an axis of inclined angle
We need to calculate the moment of inertia about the axis x, which encloses an angle α with the axis ξ as well as the moment of inertia about the axis x′ in a distance y 0 from axis x (Fig. 2) . The radius in both coordinate system
Using the triangles GPC and PAC, one obtains
From Eqs. (8) and (9) x
Using Eq.(10)
Furthermore, we use the well-known equation
With Eqs. (8), (11) and (12), one obtains
The moment of inertia about the axis x can be calculated as
and
For symmetric cross sections, the third term is zero; thus,
The moment of inertia about the axis x′ can be calculated as When the distance η 0 is known, Eq. (17) can be used as
Using the above derived formulae, the moment of inertia of the whole stiffened shell cross section is
It should be mentioned that, in the case of a very strict displacement constraint, the effective shell width is s e = s.
Constraint on horizontal displacement of the column top
The constraint is the same as for unstiffened shell, see Section 2, Eq. (1), but Eq.(2) is changed to
Fabrication constraint
To enable the welding of stiffeners to the shell,
The 300 mm is a distance, necessary for easier welding of the stiffeners to the shell.
Cost function
The cost of welding is formulated according to the fabrication sequence [15] .
The general formula for the welding cost is as follows:
where k w [$/min] is the welding cost factor, C 1 is the factor for the assembly usually taken as C 1 = 1 min/kg 0.5 and Θ is the factor expressing the complexity of assembly. The first member calculates the time of the assembly, κ is the number of structural parts to be assembled and ρV is the mass of the assembled structure. The second member estimates the time of welding, C w and n are the constants given for the specified welding technology and weld type and C p is the factor of welding position (for downhand 1, for vertical 2, for overhead 3) L w is the weld length, the multiplier 1.3 takes into account the additional welding times (deslagging, chipping, tack welding, changing the electrode). The material cost is
The cost of forming of a shell element of width 3 m into the cylindrical shape according to [14] is
where Θ is a difficulty factor expressing the complexity of the assembly and κ is the number of elements to be assembled
The fillet weld size a w = 0.3t w , a wmin = 3 mm.
The cost of painting is
The total cost is
Results of the optimization
Some results of the systematic search are given in Table 2 . The constraints on panel buckling and beam-column buckling (see Section 4.3) are passive.
It can be seen that the decrease of L 2 and the dimensions of stiffeners give less volume and cost.
The main problem is the large shell thickness (over 40 mm), which is unsuitable for fabrication.
The column stiffened by the cellular shell
Halved circular hollow section (CHS) [16] stiffeners are used (Figs. 3 and 4) . This type of stiffeners has more advantages as follows: (a) they enable suitable welded joints for the cover plate elements and (b) their large torsional stiffness gives a large overall stiffness for the whole structure.
Geometric characteristics
The cross-sectional area of a halved CHS is (Fig. 3 )
The distance of its gravity centre is
and its moment of inertia
The distance of X The radius of the inner shell R 0 can be calculated from the following equation
(t 1 is the thickness of the outer shell):
The moment of inertia of n s stiffeners about the centre of the shell using Eqs. (16) and (18) 
The moment of inertia of the whole cellular shell (Fig. 4 )
Fabrication constraint to enable the welding of the halved CHS to the inner shell
The maximum allowable number of halved CHS stiffeners
Constraint on horizontal displacement of the column top
This constraint is the same as in Section 2, see Eq. (1), but Eq. (2) is changed to
4.3 Constraint on panel shell buckling of the outer shell parts between stiffeners
According to the Det Norske Veritas [17] design rules for shell buckling,
In the case of such a very strict displacement constraint, the panel buckling constraint is not active. σ max is so small that the effective shell width is equal to the whole width s 0 .
Calculations show that this constraint is not active.
Constraint on beam-column buckling
The check should be performed by taking into account the overall buckling of the column. For the calculation of the Euler critical stress, the formula given by Timoshenko and Gere [18] is used.
The cost function
The first part, i.e. the fabrication of the base shell, is the same as for the stiffened shell (Section 3.4), but R and t should be changed to R 0 and t 0 
Welding of the halved CHS stiffeners to the base shell uses SAW fillet welds, since SAW is economic for longitudinal fillet welds.
Forming of the outer curved shell panels of length 3 m
Welding of an outer curved shell panel of length L 2 using κ 3 shell parts of length 3 m by (κ 30 −1) GMAW-C butt welds,
Welding of the outer panels to the stiffened shell by SAW fillet welds of size a w1 = 0.3t s ,
Painting cost
Material cost
The total cost
Results of the optimization
The optima are found by a systematic search using a MathCAD algorithm. The details of the search are shown in Table 3 . For fabrication aspects, the following limits are introduced: t 0max = 30, t 1max = 30 and t smin = 10 mm. The numerical values show the following results:
(a) The minimum volume and cost are found for the minimum number of stiffeners n s = 4, (b) The CHS stiffener profile of 101.6 × 10 gives the minimum volume and cost. The tendency is to minimize D s to maximize R 0 , and to maximize t s ; thus, we select this profile. Regarding the moment of inertia of a cellular shell, the outer shell thickness t 1 should be maximized; thus, the limiting thickness of 30 mm is used, (c) The volume and cost optima are different, since the fabrication costs are high.
Conclusions
A realistic numerical problem is investigated, in which the outer shell diameter and the horizontal displacement of the column top are limited. The numerical value of the compression force N F is also given. Three structural solutions are optimized:
(1) Unstiffened circular cylindrical shell has the minimal volume V = 5.316 × 10 9 mm 3 , but the shell thickness is 50 mm, which is unsuitable (2) For fabrication, circular shell stiffened with halved rolled UC sections has the structural volume V = 6.545 × 10 9 mm 3 and the cost K = 88010 $, but the shell thickness is 42 mm, unsuitable for fabrication, (3) The optimal solution of the column strengthened by cellular shell has values V = 5.578 × 10 9 mm 3 and K = 76150 $, thickness is 30 mm.
It can be concluded that in this case, only the cellular shell can fulfil all the requirements (horizontal displacement, maximum outer diameter, maximum thickness of 30 mm, minimum cost). In addition, the cellular shell can be more easily protected against corrosion and is much more aesthetic than the second version.
